The direct effects of pituitary adenylate cyclase-activating polypeptides (PACAP) on sympathetic neurons were investigated using rat superior cervical ganglion neurons. Electrophysiological and pharmacological analyses were used to evaluate PACAP modulation of sympathetic neuron membrane potentials and to investigate potential ionic and intracellular signaling mechanisms mediating the responses. More than 90% of the sympathetic neurons were depolarized by the PACAP peptides even when stimulated release was blocked, indicating that the PACAP peptides elicited primary responses in the postganglionic neurons. The response profile was consistent for activation of PACAP-selective PAC 1 receptors: nanomolar concentrations of PACAP27 and PACAP38 were required to stimulate depolarization, whereas vasoactive intestinal peptide failed to evoke any response. Furthermore, depolarizations elicited by PACAP27 were reduced by the PAC 1 receptor antagonist PACAP(6-38). Both sodium influx and inhibition of a potassium current contributed to the peptide-induced depolarizations. Activation of neither pertussis toxin-nor cholera toxin-sensitive G-proteins was required for generation of the depolarizations. cAMP and diacylglycerol production and activation of protein kinase A or protein kinase C also were not requisite for the responses. By contrast, phospholipase C (PLC)-dependent inositol 1,4,5-triphosphate (IP 3 ) synthesis was crucial to the PACAP-mediated depolarizations. Although calcium release from IP 3 -sensitive stores was not required for the PACAP-induced responses, inhibition of IP 3 receptors reduced the depolarizations. Thus, among the many signal transduction pathways coupled to the PAC 1 receptor, the PACAP-induced depolarization of sympathetic neurons appears to require activation of PLC and subsequent generation of IP 3 . The primary preganglionic sympathetic neurotransmitter is acetylcholine, and a major noncholinergic stimulatory factor of sympathetic neurons has been hypothesized to belong to the vasoactive intestinal peptide (V I P) family of related peptides (Ip et al., 1982 (Ip et al., , 1983 (Ip et al., , 1985 Kawatani et al., 1985; Schwarzschild et al., 1989) . Recently, pituitary adenylate cyclase-activating polypeptides (PACAP) have been suggested to be physiologically relevant regulators of sympathetic physiology. The PACAP precursor molecule is posttranslationally processed to produce either the ␣-amidated 38 or 27 amino acid peptides PACAP38 or PACAP27 (Arimura, 1998). PACAP peptides not only demonstrate sequence homology with the V I P family of peptides, they also share receptors with V I P. The actions of V I P and PACAP on target tissues are mediated by at least three putative seventransmembrane G-protein-coupled receptor subtypes identified to date (Spengler et al., 1993; Svoboda et al., 1993; Harmar and Lutz, 1994; Journot et al., 1995; Rawlings and Hezareh, 1996) . PACAP peptides are more potent than VIP in binding and stimulating multiple intracellular second messenger pathways at the PACAP-selective PAC 1 receptor; in contrast, the VPAC 1 and VPAC 2 receptors exhibit approximate equal high affinity for PACAP27, PACAP38, and VIP, and may represent the prototypic VIP receptors solely coupled to adenylyl cyclase (Christophe, 1993; Harmar and Lutz, 1994; Arimura and Shioda, 1995; Journot et al., 1995) .
The direct effects of pituitary adenylate cyclase-activating polypeptides (PACAP) on sympathetic neurons were investigated using rat superior cervical ganglion neurons. Electrophysiological and pharmacological analyses were used to evaluate PACAP modulation of sympathetic neuron membrane potentials and to investigate potential ionic and intracellular signaling mechanisms mediating the responses. More than 90% of the sympathetic neurons were depolarized by the PACAP peptides even when stimulated release was blocked, indicating that the PACAP peptides elicited primary responses in the postganglionic neurons. The response profile was consistent for activation of PACAP-selective PAC 1 receptors: nanomolar concentrations of PACAP27 and PACAP38 were required to stimulate depolarization, whereas vasoactive intestinal peptide failed to evoke any response. Furthermore, depolarizations elicited by PACAP27 were reduced by the PAC 1 receptor antagonist PACAP(6-38). Both sodium influx and inhibition of a potassium current contributed to the peptide-induced depolarizations. Activation of neither pertussis toxin-nor cholera toxin-sensitive G-proteins was required for generation of the depolarizations. cAMP and diacylglycerol production and activation of protein kinase A or protein kinase C also were not requisite for the responses. By contrast, phospholipase C (PLC)-dependent inositol 1,4,5-triphosphate (IP 3 ) synthesis was crucial to the PACAP-mediated depolarizations. Although calcium release from IP 3 -sensitive stores was not required for the PACAP-induced responses, inhibition of IP 3 receptors reduced the depolarizations. Thus, among the many signal transduction pathways coupled to the PAC 1 receptor, the PACAP-induced depolarization of sympathetic neurons appears to require activation of PLC and subsequent generation of IP 3 .
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The primary preganglionic sympathetic neurotransmitter is acetylcholine, and a major noncholinergic stimulatory factor of sympathetic neurons has been hypothesized to belong to the vasoactive intestinal peptide (V I P) family of related peptides (Ip et al., 1982 (Ip et al., , 1983 (Ip et al., , 1985 Kawatani et al., 1985; Schwarzschild et al., 1989) . Recently, pituitary adenylate cyclase-activating polypeptides (PACAP) have been suggested to be physiologically relevant regulators of sympathetic physiology. The PACAP precursor molecule is posttranslationally processed to produce either the ␣-amidated 38 or 27 amino acid peptides PACAP38 or PACAP27 (Arimura, 1998) . PACAP peptides not only demonstrate sequence homology with the V I P family of peptides, they also share receptors with V I P. The actions of V I P and PACAP on target tissues are mediated by at least three putative seventransmembrane G-protein-coupled receptor subtypes identified to date (Spengler et al., 1993; Svoboda et al., 1993; Harmar and Lutz, 1994; Journot et al., 1995; Rawlings and Hezareh, 1996) . PACAP peptides are more potent than VIP in binding and stimulating multiple intracellular second messenger pathways at the PACAP-selective PAC 1 receptor; in contrast, the VPAC 1 and VPAC 2 receptors exhibit approximate equal high affinity for PACAP27, PACAP38, and VIP, and may represent the prototypic VIP receptors solely coupled to adenylyl cyclase (Christophe, 1993; Harmar and Lutz, 1994; Arimura and Shioda, 1995; Journot et al., 1995) .
Previously, we demonstrated potent and efficacious PACAP regulation of superior cervical ganglion (SCG) sympathetic neurotransmitter/neuropeptide expression May, 1996, 1999) . In accord with the predicted pharmacological response profile for the PAC 1 receptor, PACAP27 and PACAP38 are more potent than VIP in stimulating SCG neuron neuropeptide Y and catecholamine release, production, and mRNA expression. Molecular characterization demonstrated SCG PAC 1 receptor expression, and morphological studies suggested that nearly all of the principal sympathetic neurons expressed the PAC 1 receptor but expressed neither of the VPAC receptors Moller et al., 1997a,b; Nogi et al., 1997; Beaudet et al., 1998; Braas and May, 1999) . Moreover, we demonstrated PACAP expression in a subpopulation of preganglionic sympathetic neurons projecting to the SCG . These results are consistent with the potent neurotrophic activities of PACAP peptides in promoting sympathoneuroblast survival and mitosis (DiCicco-Bloom and Deutsch, 1992; DiCicco-Bloom, 1996; Tanaka et al., 1996; Waschek, 1996; Lu et al., 1998) . Together, these results provided substantial evidence establishing central roles for PACAP peptides in sympathetic neuron function and development.
PACAP peptides have been shown to depolarize several neuronal cell types (Lai et al., 1997; Braas et al., 1998; Shibuya et al., 1998) . Thus, to gain a better understanding of the diverse roles of PACAP peptides in sympathetic neuron physiology, we have initiated electrophysiological and pharmacological studies to assess both the ionic mechanisms and potential second messenger pathways generating PACAP-induced membrane depolarizations. Both influx of sodium and reduced potassium currents contributed to the PACAP-induced depolarizations. Among the many signal transduction pathways coupled to the PAC 1 receptor, the PACAP-induced depolarization of sympathetic postganglionic neurons appeared to require activation of phospholipase C (PLC) and subsequent generation of inositol 1,4,5-triphosphate (IP 3 ).
MATERIALS AND METHODS
Cell culture. Primary SCG neuron cultures were prepared as described previously . All methods involving animals were approved by the University of Vermont Institutional Animal C are and Use Committee. Untimed pregnant Sprague Dawley rats (Charles River, Quebec, C anada) were given commercial rat chow and tap water ad libitum and maintained on a 12 hr light /dark cycle. Donor neonatal rats were rapidly decapitated, and the SCGs from four to five litters (typically 40 -60 animals; 80 -120 ganglia) were dissociated enzymatically to produce a pooled population of cells. Cells were plated at an initial density of 3 ϫ 10 3 neurons/cm 2 onto rat tail collagen-coated Aclar miniplates (5 cm 2 dishes), treated with 10 M cytosine ␤-D-arabinof uranoside (Sigma, St. L ouis, MO) to eliminate non-neuronal cells, and maintained in defined complete serum-free medium containing 50 ng /ml nerve growth factor (Becton Dickinson Labware, Bedford, M A) .
Bathing solutions and electrophysiolog ical recordings. The Aclar miniplate neuron cultures were secured to a Sylgard-lined recording chamber and superf used continuously (6 ml /min) with either oxygenated Krebs' buffer containing (in mM): 121 NaC l, 5.9 KC l, 2.5 C aC l 2 , 1.2 MgC l 2 , 25 NaHC O 3 , 1.2 NaH 2 PO 4 , and 8 glucose, pH 7.3, or a H EPES-buffered physiological solution containing (in mM): 121 NaC l, 5.9 KC l, 2.5 C aC l 2 , 1.2 MgC l 2 , 8 glucose, and either 26 sodium H EPES, or 26 potassium H EPES, depending on the need to eliminate sodium ions, pH 7.35, at 35-37°C. The compositions of the bathing solutions were modified to investigate the nature of the ionic conductance underlying the PACAPinduced depolarization. A sodium-deficient solution was prepared by substituting 121 mM N-methyl-D-glucamine chloride (NMG; Sigma) for NaC l in the potassium H EPES-buffered solution. To prepare a high potassium solution, the KC l concentration in the H EPES-buffered solution was increased to 20 mM; because the sodium concentration was not modified, this resulted in a small increase in solution osmolarity (ϳ9%). The osmolarity of the sodium-substituted H EPES-buffered solution was 13% less than the control Krebs'-buffered solution. This slight increase or decrease in osmolarity did not alter the morphological characteristics of the sympathetic neurons. For some experiments, tetrodotoxin (TTX; 300 nM; Sigma) or cadmium (200 M) was added to either the Krebs'-or H EPESbuffered physiological solutions.
SCG neurons were impaled with potassium citrate (2 M)-filled borosilicate microelectrodes (60 -80 M⍀) , and the responses were recorded using an Axoclamp 2A amplifier (Axon Instruments, Foster C ity, CA). Recordings were made from single isolated neurons or neurons within small clusters (three to five neurons). Neurons were selected based on plasma membrane integrity and neuronal size; impalements were more stable from larger neurons (30 -50 m diameter). Membrane currents were measured in discontinuous single-electrode voltage-clamp mode with a sampling frequency of 8 -10 kHz and a 30% current /70% voltage duty cycle. To analyze the voltage dependence of the peptide-induced membrane currents, current-voltage (I-V ) relationships were established by recording membrane currents elicited by computer-generated voltage ramps from Ϫ120 to Ϫ30 mV (pC lamp Software, Version 6.0; Axon Instruments) at 25 mV/sec and a sampling rate of 500 Hz. Data were collected on a Gould Brush 2400 chart recorder (Gould Instrument Systems, East Rutherford, NJ) and stored on a PC M recorder (A. R. Vetter Company, Rebersburg, PA); data were acquired digitally for subsequent analysis using the C lampfit program (pC lamp 6.03, Axon Instruments).
Peptide and drug application. PACAP peptides and V I P were delivered by either chamber superf usion or local pressure application. In the superf usion studies, peptides were diluted from 100 M stocks to the final concentrations in bathing medium containing 1 mg /ml bovine serum albumin to prevent peptide adsorbance to the perf usion tubing. For local pressure application (Picospritzer, General Valve, Fairfield, NJ), 50 M peptide in bath solution was released from small-diameter pipettes (5-10 m) positioned at a distance of 50 -100 m from the cell. N-ethylmaleimide (N EM; 50 M; Sigma), pertussis toxin (P TX; 500 ng /ml; List Biological Laboratories, C ampbell, CA), and cholera toxin (C TX; 500 ng /ml; List Biological Laboratories) were prepared from 1000-fold aqueous stocks. Final concentrations of N 6 ,O 2Ј -dibutyryl cAMP (dBcAM P; 1 mM) and 8-bromo cAM P (8-Br-cAM P; 1 mM; Boehringer Mannheim, Indianapolis, I N) were prepared directly in Krebs' buffer. Forskolin (10 M), H-89 (25 M), U73122 (5.6 M), BimI (2.5 M), phorbol myristate acetate (PM A; 500 nM), 1-oleoyl-2-acetyl-sn-glycerol (OAG; 200 M), xestospongin C and xestospongin D (XeC and XeD; 10 and 20 M, respectively) (all from C albiochem -Novabiochem, La Jolla, CA), thapsigargin (100 nM; RBI, Natick, M A), and cyclopiazonic acid (C PA; 10 M; Alexis Corp., San Diego, CA) were prepared from 1000-fold DMSO stocks. For XeC and XeD, bovine serum albumin was deleted from the serum-free defined medium to obviate potential extraneous protein binding (Gafni et al., 1997) . Sympathetic neurons were treated directly in the recording bath with dBcAM P or forskolin before pressure application (1 sec) of PACAP27. SCG neurons were preincubated in defined medium containing H-89, U73122, BimI, XeD, XeC, thapsigargin, or C PA for 20 -30 min (acute treatments); additional cells were incubated in defined medium containing P TX, C TX, or PM A for 12-15 hr (chronic treatments). After acute or chronic drug treatments, the cells were transferred to the recording chamber for peptide application. C ells were loaded with BAP TA using the membrane-permeant form of the chelator, BAP TA tetra(acetoxymethyl) ester (BAP TA /AM; 10 M for 15 min at 37°C; C albiochem -Novabiochem Corp.), and then maintained in defined medium without BAP TA /AM for 20 -30 min at 37°C to allow cytoplasmic esterases to de-esterif y the molecule. Inhibitors and activators were used at previously established concentrations shown to be effective in our SCG neuron in vitro preparations Braas and May, 1999) .
Messenger R NA anal ysis. Total RNA from brain, SCG, and SCG neuron cultures was prepared using RNA STAT-60 total RNA /mRNA isolation reagent (Tel-Test "B", Friendswood, TX) as described previously Beaudet et al., 1998; Braas et al., 1998) . The RNA from brain (2 g), individual SCG ganglion, or single culture well (3 ϫ 10 4 neurons) was used to synthesize first-strand cDNA using SuperScript II reverse transcriptase and oligo dT primers with the SuperScript Preamplification System (Life Technologies, Gaithersburg, MD) in a 22 l final reaction volume. The cDNA was diluted 1:10, and 0.5 l of the template was used for amplification; amplification of the cDNA templates was performed in a 13 l reaction volume consisting of 12.5 mM Tris-HC l, pH 8.3, containing 62.5 mM KC l, 2.5 mM MgC l 2 , 200 M deoxynucleotide triphosphates, 0.5 M primers, 0.5 l of cDNA template, and 0.3 U AmpliTaq Gold DNA polymerase (PE Applied Biosystems, Norwalk, C T) with the cycling parameters as follows: (1) initial denaturation /enzyme activation, 95°C, 10 min; (2) denaturation /enzyme activation, 94°C, 45 sec; annealing, transcript-specific temperature, 30 sec; 72°C, 45 sec (35 cycles); (3) final extension, 72°C, 5 min. Amplification was conducted using oligonucleotide primers specific for the identification of transient receptor potential (Trp) channel mRNA (Table 1) ; for each sample, the same cDNA template was used for amplification of the different Trp mRNA forms. The amplified products were resolved on 2% agaroseGelTwin II (J. T. Baker, Phillipsburg, NJ) gels and visualized by ethidium Curve fitting and statistical methods. All data represent mean neuron responses Ϯ SEM. After pressure application of peptide, the PACAPinduced depolarization recovered slowly such that after 3 and 10 min of wash, the current amplitude was 26 Ϯ 6% and 33 Ϯ 6% of the initial response, respectively. Thus, only one PACAP-induced response was determined per neuron to avoid changes in peptide sensitivity noted with multiple PACAP applications. PACAP concentration-dependence curves were generated assuming a single-site ligand binding isotherm using least squares regression analyses (SigmaPlot 4.0; SPSS Inc., Chicago, IL). Student's t test or one-way ANOVA was used to determine differences among treatments; Newman -Keuls test was used in post hoc analysis to identif y which treatments differed from the others. p Ͻ 0.05 was considered significant.
RESULTS

PACAP peptides depolarize SCG neurons
Intracellular recordings were compiled from Ͼ175 cells from at least 25 different dissociated SCG neuron preparations. The average membrane resting potential recorded from the neonatal SCG neurons in vitro was Ϫ55 Ϯ 0.7 mV. The mean membrane input resistance, determined from the application of 500 msec hyperpolarizing Ϫ0.1 nA current pulses, was 153 Ϯ 24 M⍀ (n ϭ 17); the majority of SCG neurons generated overshooting action potentials that were followed by membrane afterhyperpolarizations. Most of this action potential activity under resting conditions was eliminated during treatment with 200 M cadmium, indicating that it resulted primarily from synaptic activation.
Exposure of SCG neurons to 100 nM PACAP27 elicited membrane depolarizations in Ͼ90% of the neurons examined, and the efficacy of PACAP27, applied by either pressure ejection or superfusion, on neuron depolarization was comparable. Pressure application of 50 M PACAP27 depolarized sympathetic neurons 12.6 Ϯ 0.7 mV (n ϭ 35) ( Fig. 1 A) ; superfusion of 100 nM PACAP27 for 30 sec depolarized SCG membranes 10.0 Ϯ 0.5 mV (n ϭ 33). An increase in action potential activity commonly accompanied the initial phase of the PACAP-induced depolarization. A similar increase in firing rate occurred with comparable electrotonic depolarization, suggesting that the change in activity resulted, at least in part, from membrane depolarization (data not shown).
To ensure that the PACAP-induced membrane depolarizations represented direct neuron responses to PACAP peptides and were not secondary to PACAP-induced release of other neuroregulators, the neurons were treated with either TTX or cadmium before peptide application to block stimulated neurotransmitter or neuromodulator secretion from adjacent terminals. In these experiments, superfusion of 100 nM PACAP27 in the presence of 300 nM TTX or 200 M cadmium depolarized SCG neurons 12.9 Ϯ 0.9 mV (n ϭ 14) and 9.0 Ϯ 0.8 mV (n ϭ 8), respectively, values that were similar to PACAP-induced depolarizations in the absence of TTX or cadmium. With 300 nM TTX added to the Krebs' solution to inhibit voltage-gated sodium channels and thus eliminate action potential generation, pressure application of 50 M PACAP27 onto 49 sympathetic neurons, voltage-clamped to Ϫ50 mV, produced a mean inward current of Ϫ146 Ϯ 9 pA (Fig. 1 B) . These results provided direct evidence that PACAP peptides elicit primary responses in sympathetic postganglionic neurons.
To test whether the PACAP-induced depolarizations were associated with changes in the membrane resistance, 200 msec constant current pulses that elicited 10 -15 mV hyperpolarizations were applied before and during PACAP application. Changes in the sizes of the transient hyperpolarizations were used to assess PACAP-induced changes in input resistance. The measurements of input resistance in the presence of PACAP were obtained after electrotonically nulling the PACAP-induced depolarization. The average change in membrane resistance was not different before (185 Ϯ 35 M⍀) or at the peak of the depolarization (185 Ϯ 30 M⍀). However, the PACAP-induced change in membrane resistance was variable: the membrane resistance decreased in four cells, increased in six cells, and was unchanged in one neuron, suggesting that a change in more than one ionic conductance very likely was involved in the generation of the PACAP-induced depolarization.
Results of voltage ramp studies supported the conclusion that the PACAP-induced depolarization resulted from modulation of more than one ionic conductance. Neurons were voltage-clamped to Ϫ50 mV, and a slow voltage ramp (25 mV/sec) was applied over the voltage range of Ϫ120 to Ϫ30 mV before and at the peak of the inward current produced by a 1 sec pressure application of PACAP27 (Fig. 2 A) . The PACAP-induced current was determined as the difference in the current recorded before PACAP application from the total current recorded in the presence of PACAP. The results demonstrated the presence of a PACAP-induced inward current over the entire voltage range, which could not be extrapolated to an apparent reversal potential (Fig. 2 B) (n ϭ 7). This observation was consistent with both activation of an inward current and inhibition of an outward current contributing to the PACAP-induced current. A, I-V curves generated by voltage ramps from Ϫ120 to Ϫ30 mV at 25 mV/sec were measured before (Control ) and during the peak (PACAP27 ) of PACAP-induced inward currents. B, Data denote differences in ramp currents before and after PACAP application. Representative data from seven separate experimental recordings.
PACAP-induced depolarizations are mediated by PAC 1 receptors
The concentration dependence of PACAP and VIP peptides in eliciting sympathetic neuron depolarizations was examined to establish whether the response profile was consistent for PAC 1 receptor activation. Superfusion of varying concentrations of PACAP27 or PACAP38 onto sympathetic neurons currentclamped to Ϫ50 mV produced nearly identical concentrationresponse profiles (Fig. 3) . Maximal depolarizations of 10 -12 mV were obtained with 32-100 nM PACAP27 or PACAP38; halfmaximal responses were observed with Ͻ10 nM peptide. By contrast, VIP, which shares Ͼ68% amino acid sequence identity with PACAP27, failed to elicit any depolarization at the concentrations tested (Fig. 3) . This concentration-dependence profile for PACAP and VIP was indicative of PACAP-selective PAC 1 receptor activation as a primary mechanism mediating the SCG depolarization.
To assess further the specificity of the PACAP-induced responses, sympathetic neurons were pretreated with 100 nM PACAP(6 -38) for 15 min before 100 nM PACAP27 or PACAP38 superfusion. PACAP(6 -38) reduced PACAP27-induced depolarizations 88% (1.5 Ϯ 2 mV; n ϭ 4; p Ͻ 0.001). In contrast, PACAP(6 -38) did not reduce PACAP38-elicited responses (13.3 Ϯ 2 mV; n ϭ 3; p ϭ 0.069). The pharmacological profile for PACAP and VIP in the concentration-dependence studies and the peptide antagonist effects were consistent with PACAP-selective PAC 1 receptor activation as a primary mechanism mediating the SCG response.
PACAP-induced depolarizations result from mechanisms requiring extracellular sodium and a reduction of a potassium current
Experiments were undertaken to examine the ionic mechanisms underlying the observed PACAP-induced depolarizations. For sympathetic neurons, held at Ϫ50 mV and maintained in the HEPES-buffered physiological solution containing 300 nM TTX to eliminate action potential generation, a 1 sec pressure application of 50 M PACAP27 elicited inward currents of Ϫ142 Ϯ 16 pA (n ϭ 6). To investigate whether extracellular sodium contributed to the PACAP-induced currents recorded in these neurons voltageclamped at Ϫ50 mV, the sodium ion concentration in the HEPESbuffered bathing solution was decreased by replacing sodium ions with the membrane-impermeant ion NMG (sodium-deficient solution). In the sodium-deficient solution, the PACAP-induced currents were reduced ϳ70% from a control value of Ϫ142 Ϯ 16 pA to Ϫ40 Ϯ 10 pA (n ϭ 8; p Ͻ 0.001) ( Table 2) . Therefore, sodium influx appeared to be a critical factor contributing to the PACAPinduced currents.
Subsequent studies tested whether a component of the PACAPinduced currents could be attributed to inhibition of a potassium conductance. Initially, PACAP-induced currents were compared in cells maintained in the sodium-deficient NMG solution with control and elevated potassium concentrations. Elevation of the extracellular potassium concentrations from control levels of 5.9 mM to 20 mM was expected to shift the potassium equilibrium from approximately Ϫ90 mV to approximately Ϫ50 mV (Schofield and Ikeda, 1989) and thus should eliminate the contribution of any potassium current component in cells voltage-clamped at Ϫ50 mV. The PACAP-induced current recorded from cells maintained in the HEPES-buffered sodium-deficient solution containing elevated potassium was Ϫ12 Ϯ 3 pA (n ϭ 10) (Table 2) , a value significantly less than that obtained in the sodium-deficient solution containing 5.9 mM potassium (Ϫ40 Ϯ 10 pA; p ϭ 0.043).
To further appraise the contribution of the potassium conductance to the PACAP-induced current, the effects of elevating the external potassium concentration in the presence of sodium ions were also evaluated in complementary experiments. Increasing the external potassium concentration to 20 mM in the HEPES-buffered medium decreased the PACAP-induced inward currents by ϳ35% (Ϫ92 Ϯ 11 pA; n ϭ 8) (Table 2) , compared with currents in the same solution containing 5.9 mM potassium (Ϫ142 Ϯ 16 pA; n ϭ 6; p ϭ 0.002). Thus, in neurons voltage-clamped at Ϫ50 mV, both sodium influx and inhibition of a potassium conductance contributed to the generation of the PACAP-induced currents.
To test whether calcium influx contributed to the residual PACAP-induced current present in the sodium-deficient solution, PACAP-induced currents were measured at Ϫ50 mV in neurons maintained in a HEPES-buffered, NMG-substituted 20 mM KCl solution with either no added calcium (nominally calcium deficient) or elevated calcium (5 mM). In sodium-and calcium-deficient solution, the PACAP-induced current was Ϫ20 Ϯ 2.2 pA (n ϭ 5); although larger, the current was not statistically different from that recorded when external calcium was 2.5 mM (Ϫ12 Ϯ 3.1 pA, n ϭ 10). When external calcium in the sodium-deficient solution was raised to 5 mM, there was no measurable PACAP-induced current (n ϭ 5); thus elevation of external calcium inhibited the residual inward current.
Experiments also were completed to establish whether elevation of external calcium levels to 5 mM inhibited PACAP-induced current in the presence of sodium. In preparations maintained in HEPES-buffered sodium solution with 20 mM KCl and 5 mM calcium, the PACAP-induced current was Ϫ34 Ϯ 10 pA (n ϭ 5), an averaged current value significantly different from currents recorded in neurons maintained in comparable solution containing 2.5 mM calcium (Ϫ92 Ϯ 11 pA, n ϭ 8; p Ͻ 0.01).
Neither PTX-nor CTX-sensitive G-proteins are involved in the PACAP-induced depolarizations
The PAC 1 receptor belongs to group III of G-protein-coupled receptors and can initiate several transduction cascades, including the adenylyl cyclase and PLC signaling pathways (Fig. 4) , 1993; Journot et al., 1995; May, 1996, 1999; Lu et al., 1998) . To investigate the potential roles of G␣ s , SCG neurons were treated with 500 ng/ml CTX for 12-15 hr to downregulate G␣ s subunits (Murayama and Ui, 1984; Kaziro et al., 1991) ; chronic CTX treatment did not inhibit PACAP-induced depolarization in any of the cells examined (Table 3 ). In evaluating the potential roles of G␣ i /o , superfusion of cultured sympathetic neurons with the sulfhydryl alkylating agent NEM (50 M), shown previously to selectively target G␣ i /o (Shapiro et al., 1994) , had no effect on membrane potential and did not occlude the PACAP-initiated depolarizations in SCG neurons (Table 3) . Additionally, selective ADP-ribosylation of cellular G␣ i /o subunits by treatment with 500 ng/ml PTX for 12-15 hr also failed to attenuate the peptideinduced depolarizations (Table 3 ). Hence it appeared that neither G␣ s nor G␣ i /o mediated the SCG PAC 1 receptor-induced depolarizations.
PACAP-induced SCG neuron depolarizations are not mediated by activation of protein kinase A or protein kinase C
Subsequent studies tested the potential involvement of the cAMP/ protein kinase A (PKA) pathway in generating the PACAPinduced depolarizations using activators or inhibitors of this signaling cascade. Inhibition of SCG neuron PKA with the selective kinase inhibitor H-89 (25 M) had no apparent effects on the depolarizations (Table 3 ). In addition, neither direct activation of adenylyl cyclase by forskolin (10 M) nor application of the cAMP analogs, dBcAMP (1 mM) or 8-Br-cAMP (1 mM), simulated the PACAP-induced depolarizations (data not shown). Furthermore, pretreatment of sympathetic neurons with either forskolin or dBcAMP did not affect the magnitude of the PACAP-mediated depolarizations (Table 3 ). These observations indicated that the depolarizations elicited by PACAP were not mediated by the generation of cAMP or subsequent activation of PKA.
To investigate the potential roles of PLC activation by PACAP in eliciting sympathetic neuron depolarizations, cells were pretreated with the PLC inhibitor U73122. Pretreatment of cells with 5.6 M U73122 for 20 min reduced the PACAP-induced depolarizations Ͼ90% (1.1 Ϯ 0.5 mV; n ϭ 7; p Ͻ 0.001) ( Table 3 ). These results suggested that PLC activation was critical for the PACAP-induced depolarizations. Additional experiments were conducted to test whether the PACAP-mediated depolarizations were secondary to either diacylglycerol (DAG) production or protein kinase C (PKC) activation, or both (Chyb et al., 1999) . The effects of the membranepermeable DAG analog OAG was examined to determine whether the PACAP-induced production of DAG was potentially involved in the generation of the sympathetic neuron depolarizations. Superfusion of 100 or 200 M OAG did not elicit depolarization in any cells tested (n ϭ 5); additionally, pretreatment with OAG did not occlude the depolarizations elicited by PACAP (data not shown). The results suggested that PACAP-stimulated generation of DAG does not directly mediate the depolarizations. Subsequently, SCG neurons were treated with PMA acutely to activate PKC; alternatively, sympathetic neurons were chronically treated with PMA to downregulate PKC, or cells were exposed to the PKC inhibitor BimI (2.5 M) before PACAP application. Acute treatment of cells with 500 nM PMA did not mimic the PACAP-induced depolarizations (data not shown); similarly, neither pretreatment of cells with PMA for 12-16 hr to downregulate PKC protein levels nor incubation with the PKC inhibitor BimI had an effect on the depolarizations (Table 3) .
A component of the SCG PACAP-induced depolarizations is mediated by the IP 3 receptor
The preceding results indicated that neither PKC activation nor DAG generation were involved in the PACAP-induced depolarization. Additional experiments tested whether PACAP-stimulated IP 3 production might be involved (Fig. 4) . Recently, several cellpermeant xestospongin compounds have been described that inhibit IP 3 receptors (Gafni et al., 1997) . Among these reagents, XeD and XeC were pharmacologically active at micromolar concentrations, with XeC demonstrating greater potency between the two compounds. These compounds were used to investigate potential roles of IP 3 in the generation of the depolarizations induced by PACAP. Pretreatment of SCG neurons with XeD (20 M) or XeC (10 M) for 20 min decreased the PACAP-elicited depolarizations 51% ( p Ͻ 0.001; p ϭ 0.012, respectively) ( Table 3) .
To investigate whether calcium ions released from intracellular stores in response to PACAP-stimulated IP 3 production and subsequent IP 3 receptor activation elicited the peptide-mediated depolarizations, SCG neurons were pretreated with 10 M CPA or 100 nM thapsigargin to inhibit the endoplasmic reticulum calcium ATPase, thus allowing internal cellular calcium stores to deplete progressively. CPA or thapsigargin alone did not alter the resting potential of the sympathetic neurons; in addition, neither CPA nor thapsigargin pretreatment diminished the PACAP-induced membrane depolarizations (Table 4) . PACAP-stimulated depolarizations were also examined in cells loaded with the calcium chelator BAPTA, which efficiently buffers transient elevations of intracellular calcium (Neher, 1998) . Pretreatment of the sympathetic neurons with BAPTA/AM (10 M), the membrane-permeable form of the calcium chelator, had no effect on the magnitude of the PACAP-induced depolarizations (Table 4) . On the basis of these observations, we conclude that release of calcium from IP 3 -sensitive stores was not involved in the generation of the PACAPinduced depolarization. Thus, we hypothesized that the IP 3 -induced component of the PACAP-induced depolarizations resulted from direct coupling of IP 3 receptor activation to an ionic conductance in the plasma membrane.
SCG neuronal expression of specific Trp channels may mediate PACAP-induced currents
Recent studies suggest that IP 3 can engage a subfamily of mammalian Trp channels, thus activating a nonselective cationic conductance (Hu et al., 1994; Dong et al., 1995; Kiselyov et al., 1998) . For some Trp subtypes, IP 3 receptor occupancy and interactions with Trp to maintain channels in the active state could be attenuated markedly after xestospongin treatment (Kiselyov et al., 1998) . At least one Trp isoform has been described to be activated directly by IP 3 (Hu et al., 1994; Dong et al., 1995) . To evaluate whether Trp-related molecules exist in the SCG and, importantly, whether specific Trp channels shown to be store independent are found in sympathetic neurons to potentially represent PACAP-activated cationic conductances, RT-PCR experiments were undertaken. Using oligonucleotide primers directed against the seven mammalian Trp cDNAs identified to date, all Trp1-Trp7 channels were identified in brain (Fig. 5) . By contrast, rat sympathetic neurons demonstrated a different pattern of Trp channel expression. Using our cultures enriched in postganglionic neurons, Trp1, Trp3, Trp6, and Trp7 were well expressed; Trp2, Trp4, and Trp5 mRNA expression was either low or undetectable. These observations indicated expression of mammalian Trp channels in the SCG; the expression of Trp3, Trp6, and Trp7 in sympathetic neurons is significant because the channels belong to a subfamily characterized by store-independent activation and low cationic specificity.
DISCUSSION
Studies have suggested that VIP or VIP-related molecules may be noncholinergic modulators of SCG function (Ip et al., 1982 (Ip et al., , 1983 (Ip et al., , 1985 Schwarzschild et al., 1989; Zigmond et al., 1989) . Recent studies have shown that many of the sympathetic neuron responses described for VIP appear to be mediated largely by PACAP peptides. Both PACAP27 and PACAP38 stimulated with high potency and efficacy SCG neuron transmitter production and secretion, second messenger production, and differentiation Braas and May, 1996; Lu et al., 1998 Lu et al., , 1999 . Considerably higher concentrations of VIP were necessary to elicit sympathetic neurosecretion, which appeared consistent with the preferential expression of PACAP-selective PAC 1 receptor expression by sympathetic neurons. Sympathetic preganglionic neurons in the intermediolateral cell column of the spinal cord projecting to the SCG express PACAP mRNA , and transection of the cervical sympathetic trunk diminished PACAPimmunoreactive fibers in the SCG (Sundler et al., 1996) . In sum, these results presented strong anatomical and physiological evidence implicating PACAP peptides as potential noncholinergic regulators of sympathetic function. The present studies analyzed the direct effects of PACAP peptides on SCG neurons. Using electrophysiological and pharmacological approaches, the studies evaluated PACAP modulation of sympathetic neuron membrane potentials and investigated potential ionic mechanisms and intracellular signaling mechanisms mediating the PACAP-induced depolarizations. Nearly all of the sympathetic neurons examined exhibited PACAP27-or PACAP38-elicited depolarizations when we used the same SCG neuron system as in our previous regulatory studies May, 1996, 1999) . The PACAP-induced depolarizations remained when stimulated release was blocked with either TTX or cadmium, demonstrating that the depolarizations represented direct peptidergic effects on sympathetic neurons and were not mediated by interneuronal signaling molecules within the in vitro preparation. The depolarizations mediated by PACAP27 were blunted by the peptide antagonist PACAP(6 -38), demonstrating the specificity of the peptide responses; PACAP(6 -38) did not inhibit the PACAP38-induced depolarizations, a difference that may be related to sympathetic neuron expression of specific PAC 1 receptor isoforms. Similarly, PACAP(6 -38) was unable to inhibit depolarization of rat sympathetic preganglionic neurons induced by PACAP38 (Lai et al., 1997) . PACAP27 and PACAP38 exhibited equal high potency in sympathetic neuron depolarization, whereas VIP had no apparent effects at the concentrations tested. These results were in agreement with investigations establishing the preferential expression of the PACAP-selective PAC 1 (short)HOP1 receptor splice variant in rat SCG postganglionic neurons (Lu et al., 1998; Braas and May, 1999) . PAC 1 receptor mRNA and protein were identified in Ͼ90% of sympathetic neurons by in situ hybridization histochemistry and immunocytochemistry, respectively (Moller et al., 1997a,b; Nogi et al., 1997; Braas and May, 1999) . The potencies of PACAP27 and PACAP38 in eliciting depolarizations were similar to those required for sympathetic neuron second messenger production and neurotransmitter/neuropeptide secretion Braas and May, 1999) .
The present results indicated that the PACAP-induced inward currents and resultant depolarizations in sympathetic postganglionic neurons required extracellular sodium, demonstrating that the influx of sodium ions is a key component of the currents. Similar to many other neuropeptide-induced depolarizations, sodium influx may be mediated by nonselective cationic channels. PACAPinduced currents also were reduced after elevation of extracellular potassium levels, a result that is consistent with inhibition of a potassium current activated at Ϫ50 mV contributing to the PACAP-induced depolarization. Therefore, at Ϫ50 mV the PACAP-induced inward currents are mediated by a combination of inhibition of a potassium conductance and activation of a sodiumpermeable channel.
We have not identified the potassium conductance contributing to the PACAP-induced depolarizations; however, one potassium conductance commonly inhibited by neuropeptides and other transmitters in rat SCG is the voltage-dependent, noninactivating conductance I M (Brown, 1988) . Cruzblanca et al. (1998) demonstrated that bradykinin-induced inhibition of I M required PLC activation and calcium release from IP 3 -sensitive stores in acutely dissociated adult SCG neurons. Thus, a component of the PACAPinduced currents was anticipated to be caused by calcium- Sympathetic neurons were incubated in defined medium containing 100 nM thapsigargin, 10 M CPA, or 10 M BAPTA for 30 min as described in Materials and Methods. The effects of these agents on PACAP27-induced depolarization (pressure application) was examined in the presence of 300 nM TTX; for all of the treatments, the drug vehicle was DMSO. The data represent the mean membrane potential or depolarization Ϯ SEM. The numbers of neurons tested under each paradigm are shown in parentheses.
dependent inhibition of I M . However, the lack of thapsigargin, CPA, or BAPTA effects on the PACAP-induced depolarizations strongly indicated that release of calcium from intracellular stores was not required for initiating the PACAP-induced depolarizations. Although a membrane-delimited inhibition of I M could have been involved in the generation of the depolarizations, preliminary results indicated that this conductance did not represent a significant component of the PACAP-induced currents. Pretreatment of sympathetic neurons voltage-clamped to Ϫ50 mV with 1 mM barium, a concentration that effectively inhibits I M (Constanti and Brown, 1981) , did not significantly reduce the PACAP-mediated inward currents (Ͻ5%) (M. M. Beaudet, unpublished observation). Given the voltage dependence of I M , i.e., that only a small portion of I M conductance would be activated at Ϫ50 mV, inhibition of I M under these recording conditions would not be expected to be a prominent contributor to the PACAP-induced currents. SCG neurons express preferentially PACAP-selective PAC 1 (short) HOP1 receptor variants that demonstrate potent and efficacious stimulation of cAMP and inositol phosphate production by PACAP27 and PACAP38 (Lu et al., 1998; Braas and May, 1999) . Studies using bacterial toxins, and intracellular second messenger activators or inhibitors indicated that the cAMP/PKA pathway did not participate in the generation of the PACAP-induced currents or depolarizations. Because inhibition of PLC attenuated markedly the PACAP-induced depolarizations, PLC-dependent IP 3 or DAG production appeared to be important for the generation of the peptide-induced depolarizations. However, application of OAG did not elicit membrane depolarizations, and inhibition of PKC did not affect the PACAP-induced depolarizations, suggesting that synthesis of DAG did not contribute to the responses.
By contrast, inhibition of IP 3 receptors suggested that IP 3 production was crucial to the peptide-induced depolarizations. However, neither depletion of calcium stores nor intracellular calcium chelation affected the PACAP-induced membrane depolarizations, suggesting that calcium release from IP 3 -sensitive stores was not required for the responses. Rather, the depolarizations appeared to depend on direct IP 3 -mediated modulation of an ionic conductance in the plasma membrane. Direct IP 3 activation of nonselective cationic conductances has been reported for a number of cell types, including lymphocytes, cerebellar Purkinje cells, and vascular endothelial cells (Kuno and Gardner, 1987; Mozhayeva et al., 1990; Brent et al., 1993; McDonald et al., 1993; Kuno et al., 1994; Vaca and Kunze, 1995) , and therefore could be involved in the generation of the PACAP-induced depolarizations of SCG neurons.
Many molecular, biochemical, and electrophysiological studies have suggested that Trp, Trpl, and other Trp-related molecules, first identified by Drosophila genetics, function as membrane ion channels Zhu et al., 1996; Montell, 1997; Philipp et al., 1998; Okada et al., 1998 Okada et al., , 1999 . Congruous with the presented data, activation of a nonselective cationic conductance of the Trp family could be a component of the depolarization of SCG neurons elicited by PACAP. Several Trp channel members demonstrate characteristics consistent with our observations. Among the seven mammalian Trp channels identified to date, Trp3, Trp6, and Trp7 from recombinant expression demonstrate relatively low selectivity for divalent and monovalent cations. Contrary to early suggestions, not all members of the Trp family of channels are activated simply after calcium store depletion, and the Trp3, Trp6, and Trp7 subfamily has been shown to be store independent (Okada et al., 1999) . The mechanisms of Trp channel activation have not been completely elucidated, but recent studies have supported the IP 3 receptor conformational coupling hypothesis with Trp for sustained channel activation (Kiselyov et al., 1998; Boulay et al., 1999; Zubov et al., 1999) . IP 3 receptor-mediated activation of the human Trp homolog HTrp3 for example, can be blocked by heparin and xestospongin IP 3 receptor inhibition (Kiselyov et al., 1998) , and IP 3 receptors can be coimmunoprecipitated with HTrp3 channels. These properties are similar to our experimental results. PACAP activation of sympathetic neuron PAC 1 receptors potently stimulates PLC activity and IP 3 production, and inhibition of PLC or IP 3 receptors attenuated the depolarizations, supporting the contention that IP 3 -mediated activation of a nonselective cationic conductance contributes to the responses. Furthermore, depolar- Figure 5 . SCG neurons express multiple Trp channel transcripts. Total RNA from rat brain and SCG and primary rat sympathetic neurons in vitro was reverse-transcribed, and the cDNA was amplified using each of the seven oligonucleotide primer sets specific for the Trp channel transcripts (Table 1) . The amplified products were resolved on 2% agarose-GelTwin II gels, stained with ethidium bromide, and visualized by UV illumination. The predicted sizes of the seven products are as follows: Trp1, 373 bp; Trp2, 413 bp; Trp3, 363 bp; Trp4, 343 bp; Trp5, 431 bp; Trp6, 465 bp; and Trp7, 558 bp. Trp6 may exhibit multiple transcript isoforms. Among Trp channels, Trp3 Xe sensitivity and store independence have been best studied to date. ization occurred in the absence of intracellular calcium release, and sympathetic postganglionic neuron expression of Trp channel transcripts is consistent with direct IP 3 /IP 3 receptor interaction with these channel proteins. Although several members of the Trp3 channel family are activated directly by DAG (Hofmann et al., 1999; Okada et al., 1999) , OAG did not depolarize these sympathetic neurons, results inconsistent with DAG-operated channel involvement in the PACAP-generated depolarization. However, our present results do not rule out a DAG metabolite in the generation of a component of the PACAP-induced depolarizations (Chyb et al., 1999) .
We considered that the residual inward current recorded with elevated potassium and sodium-deficient NMG-substituted solution might have been produced by calcium influx. However, in a calcium-deficient solution, the residual current amplitude was not diminished but enhanced nominally. From these observations, calcium influx did not appear to contribute significantly to the PACAP-induced currents under these experimental conditions. Also, raising extracellular calcium inhibited the PACAP-induced current. The current amplitude was decreased when the external calcium concentration was raised twofold; similarly, increasing external calcium levels twofold decreased the inward sodium current recorded at Ϫ50 mV in neurons maintained in HEPESbuffered sodium solution with elevated KCl. These results were consistent with the previously described calcium-mediated inactivation of some Trp channels in vitro (Montell, 1997; Okada et al., 1999) .
In summary, the present electrophysiological studies demonstrated that Ͼ90% SCG sympathetic neurons are depolarized after PACAP activation of PAC 1 receptors. The PACAP-induced depolarizations were mediated by concomitant activation of sodium influx and inhibition of a potassium current. The depolarizations required PLC activation and subsequent IP 3 production. Given the selective expression of Trp3, Trp6, and Trp7 family members in sympathetic neurons, these studies support PAC 1 receptormediated IP 3 receptor activation of a nonselective cationic conduction potentially related to a mammalian Trp.
